Abstract-We present an interlayer slope waveguide, designed to guide light from one level to another level in a multilayer silicon photonics platform. The waveguide is fabricated using HWCVD a-Si:H at 350 o C. Measured loss of 0.5 dB/slope was obtained at a wavelength of 1550 nm and for TE mode polarization.
I. INTRODUCTION
Three-dimensional (3D) silicon photonics (SiP) circuit integration allows enhanced scalability in terms of high pattern density and increased circuit functionality. To date, various structures of vertical waveguide couplers such as polymer layer-to-layer waveguides [1] , multilayer silicon nitride (Si3N4) waveguides using compact inverse tapers [2] , crystalline silicon (c-Si) inter-layer grating couplers [3] , c-Si combined with hydrogenated amorphous silicon (a-Si:H) for vertical interlayer taper couplers [4] and vertical trident couplers [5] have been designed and demonstrated. The low refractive index in [1] and [2] make the device footprint large. The evanescent field and phase matching coupling mechanisms in [3] , [4] and [5] are efficient ways for vertical coupling but require good alignment accuracy. Therefore, a direct waveguide coupling of light between layers and over a large layer separation is a potential solution for a multilayer SiP platform.
We propose and demonstrate an interlayer slope waveguide, fabricated from hydrogenated amorphous silicon (a-Si:H) film deposited at low temperature using a hot-wire chemical vapour deposition (HWCVD) tool [6] . The interlayer coupler is designed to achieve vertical freedom for direct coupling, allowing transport of light up or down the multilayer SiP platform over a relatively large cladding height. The main advantage of using the HWCVD tool over plasma-enhanced chemical vapour deposition (PECVD) is the effective dissociation of the precursor gas, i.e., silane (SiH4), into atomic silicon (Si) and hydrogen (H2) molecules by the hot filaments without causing film degradation [7] . In this work, we demonstrate the fabrication and characterization of the HWCVD a-Si:H interlayer slope waveguide.
II. DEVICE STRUCTURE AND DESIGN
The schematic structure of the interlayer slope waveguide is shown in Figure 1 (a). The device comprises the lower level waveguide as the input and the upper level waveguide as the output connected by a waveguide on the slope. The core thickness (H) is 400 nm with the width (W) of the waveguides varied from 400 nm to 1000 nm, with both ends tapered out to grating couplers. A large step height of 1.5 µm is designed to separate the input and the output waveguides. This height is adjustable depending on the required etching parameters. According to our simulation results, a minimum cladding thickness of 500 nm is sufficient to provide optical crosstalk isolation between top and bottom waveguides placed either in parallel or crossed over each other. We used Lumerical FDTD software to simulate the transmission characteristics of the slope waveguides at different slope angles. An optimised slope angle of 10 o is shown to have the lowest transmission loss of ~0.2 dB. Email: dphp1g11@soton.ac.uk 
III. FABRICATION
Device fabrication starts with PECVD deposition of 4 μm thick SiO2 at 350 o C on a silicon wafer. The SiO2 layer is then patterned using photolithography and wet-etched in buffered hydrofluoric acid, NH4F:HF (7:1), at room temperature to define the slope profile [8] . A 5 minute etch produced slope angle of ~10.3 o and a slope length of ~6.95 µm has been achieved. The process is followed by the deposition of a 400 nm thick a-Si:H film by HWCVD system. Silane gas with 40 sccm and hydrogen gas with 30 sccm are used for the deposition process. The substrate temperature is regulated at 350 o C at pressure of 7.5 mTorr. Submicron sized waveguides with grating couplers are patterned using e-beam lithography and dry etched in an RIE tool with fluorine-based gas to form a strip waveguide. Finally, the waveguides are covered with 1 μm thick PECVD SiO2 layer. Figure 2 shows an SEM image of the fabricated and uncladded interlayer slope waveguide with 400 nm core thickness and 1000 nm width. 
IV. RESULTS AND DISCUSSION
The transmission properties of the interlayer slope waveguides were measured in dB per slope (dB/slope) through averaging of up to five slopes. A tunable Agilent 8163B laser source was used for the measurements at the wavelength of 1550 nm in transverse electric (TE) mode polarization. Light was coupled at the input and output of the slope waveguides via grating couplers. The fabricated waveguides have a varied width from 400 nm to 1000 nm. Figure 3 shows three repeated transmission measurements for each 1000 nm wide slope waveguide at TE polarized 1550 nm wavelength. The loss measurements were normalized to the one slope waveguide and the extracted losses for the 400 nm core thickness and 1000 nm wide waveguides for up to five slopes were found to be 0.5 dB/slope. The measured loss of the slope waveguide could be due to the edge roughness of the SiO2 slope shown in Figure 2 , which is transferred to the deposited a-Si:H. This suggests photolithography pattern transfer issue of the photoresist with sidewall roughness that can be smoothed by post-baking the resist in the future [9] . Inset in Figure 3 is an SEM image of the cross-section of the a-Si:H film deposited on wet-etched SiO2 platform with 10.3 o slope angle. 
V. CONCLUSION
In summary, we demonstrated a-Si:H slope waveguide loss of 0.5 dB/slope at 1550 nm wavelength in TE polarization. HWCVD deposition at 350 o C was used during fabrication. Future work will focus on the fabrication at lower deposition temperatures and characterization of narrow waveguide widths. Improving both wet and dry etching processes to obtain smoother surfaces of the slope platform and waveguide sidewalls, is being investigated to reduce the propagation loss. 
